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Energy loss in fast-particle surface scattering at grazing incidence
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The surface scattering of kilovolt-energy ions and atoms at glancing-incidence angles has contributed
substantially to knowledge of elementary electronic excitations in the interface region. We consider the
influence of inelastic exchange of mechanical energy, due to recoil of the target atoms, on the distribu-
tion of scattered projectile atoms. Although with a glancing-incident-angle geometry the relative energy
loss by this mechanism is small, it can have a substantial effect on the angular distribution of the scat-
tered particles. These conclusions are supported by numerical calculations of energy losses and scattered
particle distributions.

I. INTRODUCTION

The scattering of hyperthermal ions and atoms from
solids, in the range of incident energies from a few hun-
dreds of eV to a few tens of keV, can excite a large range
of fundamental excitations in solids. When directed at a
target at suSciently grazing angles, a large fraction of
these high-energy projectiles do not penetrate the surface
but are reflected back into the space above the target. In
this case the information carried by the reflected particles
is extremely surface sensitive, and the method is used as a
probe of surface properties. '

Recently, in a series of careful experiments, Winter and
co-workers have demonstrated the effectiveness of fast-
ion and fast-neutral-atom collisions at grazing incidence
on surfaces as a method for exploring the nature of the
attractive charge-surface potential. In these experi-
ments a monoenergetic and well-collimated beam of ions
with energies in the kilovolt range is directed toward a
clean and atomically flat metal surface at a grazing angle
of about one degree. The grazing-incidence configuration
means that the velocity normal to the surface is small

compared to the total translational velocity. Owing to
the low energy associated with the normal velocity, the
particles are repelled by the repulsive potentials of the
outermost layer of surface atoms, and for a defect-free
surface virtually all the incident ions are reflected back-
ward and penetration of the ions into the solid is negligi-
ble.

At these energies the dominant mechanisms for energy
loss are electronic, including excitation of elementary and
collective electronic excitations in the solid and charge-
transfer processes. As an ion approaches the surface
from afar, it first experiences the polarization or image
potential which accelerates it toward the surface, but the
image potential is always small compared to the total
translational energy. For neutral atoms, the polarization
potential is the Van der Waals potential which is in the
millivolt range and is totally negligible at these energies.

Near the surface the number of possible different types of
electronic interactions becomes large and can even in-
clude entering quasibound states in the attractive well.
However, one mechanism of interest is the charge ex-
change, and in the case of incident ions its is found that a
significant and readily measurable fraction of the incident
ions leave the surface as neutrals. By observing the
differences in the scattered distribution of neutrals and
ions, it is possible to estimate the strength of the image
potential at the point of charge transfer and neutraliza-
tion. The signature of this effect is quite striking; the
peak in the scattered distribution of neutrals is distinctly
shifted with respect to that of the ions. An even greater
effect is observed when the scattered distribution of in-
cident neutrals is compared with that of incident ions of
the same species. The peak of the outgoing neutrals is
observed to be separated from that of the ions by more
than one degree in the case of 25-keV Ar and 25-keV

6+ 4—6Ar
In the analysis of these experiments the energy losses

of the incident projectiles due to excitation of the vibra-
tional modes of the target have been neglected. Excita-
tion of the vibrational modes, which at these high probe
energies is perhaps more correctly termed direct mechan-
ical energy loss, is expected to be quite small compared to
the electronic losses. The purpose of this work is to in-
vestigate the size and nature of these mechanical energy
losses and to determine the effect they have on the shape
of the distribution of scattered particles. In order to
separate clearly the purely mechanical effects from the
electronic mechanisms, we treat the incident projectiles
as neutral particles.

In spite of the very high energy of the projectiles corn-
pared to typical vibrational-energy quanta, the low ener-

gy associated with the normal motion and the back-
scattering nature of the process allow us to utilize
theoretical methods developed for the classical limit of
the scattering of neutral atoms from surfaces, and this
theory is briefly developed in the next section. Several
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calculations of angular distributions and energy losses of
the scattered lobes are presented in Sec. III, and we find
the mechanical losses can have a strong effect on the
scattering. A few concluding remarks are made in Sec.
IV.

II. THEORETICAL BACKGROUND

—ik-[rl +gI(t)]
Ti, q =(kf~T~k;)=pe

1

(4)

where rI is the equilibrium position of the Ith target
center, ~& & is the scattering amplitude of a surface unitf' i

ce11, and k=kf —k;. The quick-collision approximation

An appropriate theoretical framework for describing
the experiments of Winter and co-workers can be
developed using methods for handling molecule-surface
collisions at high temperatures and high energies.
Although the energies involved would suggest that a clas-
sical theory would suSce, we begin with purely
quantum-mechanical expressions and then go to the limit
of large energy exchanges via the correspondence princi-
ple. The transition rate w (kf, k; ) for a particle making a
transition from the initial incident beam of momentum
haik; to a final state denoted by momentum Akf is

wtk~ k;)= ((x ITf;I S(Ef E;))
Inf I

This is the generalized Fermi golden rule, averaged over
initial states of the target as denoted by (( 8, and
summed over final states I nf 'I of the target. All measur-
able quantities in a scattering experiment are proportion-
al to the transition rate. For example, the three-
dimensional differential reflection coefBcient is obtained
by dividing w(kf, k; ) by the incident fiux and multiplying
by the appropriate density of states in final momentum
space,

d3g L4 m ~kf~
w(kf, k, ),

d Qf dEf (2~)' k,,
where L is the quantization length parallel to the surface,
k;, is the normal component of the incident wave vector,
and m is the projectile mass.

For fast incident particles, the scattering time is short
compared to a phonon vibrational period or a recoil time
of a surface atom. Hence we can use the quick-collision
approximation. This approximation is equivalent to stat-
ing that the displacement of a target atom uI enters only
in the overall phase of the transition matrix. We write
the transition operator as a sum of contributions from all
unit cells of the target,

T=y T'.
l

When taking matrix elements of the transition operator,
it is natural to separate explicitly the phase factor which
accounts for differences in optical paths for scattering
from different parts of the surface.

Xexp
(hE+bEo) +2% U E

4k' THEO

where K is the component of k parallel to the surface, T
is the surface temperature, and SUC is the area of a sur-
face unit cell. Specifically, the condition for the validity
of this expression is that the Debye-Wailer factor should
be very small. The Debye-Wailer factor is given by
exp( —2W) with W=(((k u&) ))/2, and the necessary
condition can be expressed as 28'&&1 which is well
satisfied for the present experiments of interest.

Equation (5) has the form of a Gaussian in energy ex-
change hE, with the origin shifted by —EEO, and multi-
plied by a Gaussian in the parallel momentum transfer
AK. Actually, it is not a true Gaussian; rather it is a very
strongly skewed function of AE due to the energy depen-
dence of AEO, which is given explicitly by

Ak
2M

where M is the mass of a target atom. On physical
grounds it is easy to see that the scattered energy distri-
bution cannot be a symmetric function of b,E. At low en-
ergies, kf ~0, the cross section must vanish because an
incident particle can lose at most an amount of energy
equal to its incident energy. However, on the energy-gain
side there is no upper limit to the amount of energy that
it is possible for a scattered particle to gain (although
such large-energy-gain events are highly improbable).

The Gaussian function of parallel momentum transfer
appearing in (5) is a structure-factor effect due to vibra-
tional correlations between the target atoms, and takes
into account the fact that the incident projectile interacts
with a large number of surface particles. Its strength de-
pends on the size of U~, which is a weighted average
sound velocity parallel to the surface. '

The multiplicative factor (ksTb, Eo) assures that,
as the width of the skewed Gaussian grows with increas-
ing ~E, ~

and T (the width increases roughly as
QksTEEo in energy units), the height of the distribu-
tion decreases in the correct proportion in order to con-
serve the total number of scattered particles. The factor

in (5) is the form factor for scattering by a unitf)
cell of the surface. For the present purposes we take it to
be the form factor for scattering by a rigid wall in the
semiclassical limit,

i7„„i
=2k' kfcos(8f )k;cos(8;)/m,

is equivalent to assuming that the scattering amplitude is
independent of lattice displacement uI, and the only
dependence on displacement is in the phase factor.

When the transition matrix (4) is inserted in the transi-
tion rate (1), and the limit of high temperature and high
energy is taken, the result is a simple closed-form expres-
sion for the differential cross section of back-reflected
particles:

3/2
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b,E = JdEfdQfb, E d R

f f
(9)

It is of interest to compare hE to EEO, in the light of
the semiclassical trajectory approximation. This approxi-
mation assumes that the projectile follows the classical
trajectory of an elastic and specularly scattered particle,
and the energy losses are treated as a small, higher-order
correction. This is the limiting case in which LEO, as
well as ~~i, t, ~, is approximately constant and for whichf' i

it is readily shown that hE =6.Eo. Thus the deviation of
hE from EEO is an indication of the validity of the semi-
classical trajectory approximation.

In treating high-energy projectile-surface interactions
one can invoke a hard-cubes approximation which essen-
tially states that parallel momentum is conserved in the
scattering process, i.e., K=O, which is the same as

kfsin(8f)=k, sin(8, ) . (10)

This introduces a 5 function under the integral on the
right-hand side of Eq. (8), and leads to a differential
reflection coefficient d R/dQf, which is equivalent to
the form obtained from Eq. (5) in the limit va ~ Oo.

A very simple approximate relation for the angular po-
sition of the final scattered beam is obtained by combin-
ing the momentum conservation relation of (10) with the
semiclassical energy loss, expressed as

Ef =E; —EEO .

The result depends only on the projectile-to-surface-atom
mass ratio m/M and is

where the initial and final angles, 8; and 8f, are measured
with respect to the surface normal. In this case the
specific form of ~~i, i, ~ plays little role in the results be-f' i

cause it is a relatively slowly varying function of the mo-
menta.

Equation (5) gives the differential reflection coefficient
as a function of final solid angle and energy. Often only
the angular distribution is measured, and this is given by

dR E dR
dQf ~ / dQfdEf

Also an important measurable quantity is the average en-

ergy loss, given by

pare directly to experiment. However, we have cqrried
out a number of numerical calculations in order to assess
the importance of the purely mechanical losses.

The quantity of interest to calculate which can be com-
pared qualitatively to experiment is the angular distribu-
tion, or more precise the reflection coefficient per solid
angle d R/dQf, and this is compared with the max-
imum value of the total differential reflection coefficient
max[d R/dQfdEf]. We also examine the relevance of
the approximation of parallel momentum conservation
K=0 and calculate d R /d Qf under this condition. (In
general this turns out to be a very poor representation of
the exact d R/dQf. ) Finally, we calculate the average
energy loss hE and compare this to the semiclassical tra-
jectory value of AEO.

Figure 1 shows d R/dQf, max[1 R/dQfdEf], and
d R/dQf calculated under the condition K=O as a
function of final scattered polar angle for the scattering of
25-keV Na off an Al surface at an incident angle of
8; =89' (a grazing angle of 1

' with respect to the plane of
the surface). The value of va is 3200 m/s, which corre-
sponds to the velocity of the acoustic Rayleigh mode on
an Al(111) surface. ' All of these curves are strikingly
different, and clearly the hard-cubes approximation of
conservation of parallel momentum is not at all a good
representation of the correct d R/dQf. The shape of
d R/dQf is rather broad and it is peaked at about 87'
which is closer to the normal than the incident beam. By
contrast, the approximation K=0 leads to a very narrow
outgoing distribution, peaked at an angle of 89.7', much
closer to the surface plane.

Figure 2 shows the exact expression for 1 R /d Qf
plotted for several values of vx. The curve for v„=3200
m/s is the same as in Fig. 1(a), the value of Ua =5000 m/s
is a representative maximum phonon velocity of bulk
Al, ' and the two curves for vx=10 m/s and vx=10
m/s show the approach to the form for K=0. The aver-
age energy losses range from 199 eV, or a fractional loss

2
3

2-

sin(8f —8; ) = sin(8f +8; ) . (12)
(
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f4 1-

For m /M & 1 and grazing incidence, this is well approxi-
mated by

(2m /M)( —,'m. —8; )
8 —8;=

1+(m /M)
(13)
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III. CALCULATIONS

As stated above in Sec. I, we consider in this work only
energy losses due to mechanical excitation of the surface.
Thus since the major channels of energy loss due to elec-
tronic excitations are excluded, we cannot expect to com-

FIG. 1. Scattered intensity distribution for 25-keV Na in-
cident on an Al surface at an angle of 89 . (a) The two-
dimensional differential reflection coefficient d R/dQf, (b) the
maximum value of the three-dimensional differential reflection
coefficient, max[d'R/dQfdEf); (c) the differential reflection
coefficient with the condition K=o. The sound velocity U& is
3200 m/s.
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FIG. 2. Two-dimensional differential reaction coeScient for
25-keV Na incident on an Al surface at an angle of 89'. (a)
vz =3200 m/s, same as Fig. 1(a); (b) vz =5000 m/s; (c) vz = 10
m/s; and (d) vz = 105 m/s.

of 0.008 for v„=3200 m/s, to a fractional energy loss of
0.002 for vz =10. These are larger energy losses than
the value of bEo =25.0 eV given by the semiclassical ex-
pression (6).

It is also of interest to consider a case for which the an-
gle of incidence is not quite such a grazing geometry as
that of Figs. 1 and 2. In Fig. 3 we consider the same pro-
jectile and surface but with an incidence angle of 80'.
We find that for vs =3200 m/s the difFerential refiection
coelcient is peaked at an angle of about Of =85'. The
maxd R /dQIdEI curve in this case is almost identical
to d R/dQf, while the differential refiection coeScient
calculated with K=O is very strongly peaked near the
surface at about ef =89'. Again we note that the effect
of inelastic exchange due to mechanical energy losses is
quite noticeable, and causes a large deviation of the scat-
tered lobe from the specular direction towards the sur-
face rather than away from the surface, as was found for
the more grazing incidence of Fig. 1.

Figure 4 is similar to Fig. 2, except for the incidence
angle of 80 '. Again, this shows the approach of
d R/dQf to the parallel momentum conservation ex-
pression as vz becomes large. The energy losses range
from b,E=1.62 keV for vs =3200 m/s to DE=0.96 keV

FIG. 4. Same as Fig. 2, except for an incident angle of 80'.

at the large value of vz =10 m/s. In this case the semi-
classical energy exchange AEO=2. 48 keV, considerably
larger than the values of AE.

IV. CONCLUSIONS

We have considered the effect of mechanical energy
1osses on the scattered distributions of particles when a
relatively high-energy beam of atoms or ions is directed
toward a surface at grazing incidence. Although this en-
ergy ultimately winds up as heat in the vibrational
modes, the initial exchange is due to recoil of the surface
atoms rather than the creation and annihilation of pho-
non modes. Totally neglected in this approach is any ex-
change with elementary or collective electronic excita-
tions, which are the dominant contributors to energy
losses in such collisions. The object is to study the effect
of purely mechanical losses and to determine if such
losses have an appreciable effect.

We find that the scattered lobe can be considerably
affected by these processes and can deviate strongly from
the specular direction. The energy losses, although only
a small fraction of the incident translational energy, can
be significant.

%e have demonstrated that energy loss processes
through purely mechanical exchange can have an irnpor-
tant effect on the distribution of the scattered lobe of pro-
jectiles. Such effects are sometimes neglected in the inter-
pretation of high-energy ion-surface scattering experi-
ments. This work indicates that such effects are impor-
tant and should be accounted for in any subtle interpreta-
tion of the experimental results.

05 2-
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FIG. 3. Same as Fig. 1, except for an incident angle of 80'.
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